The effect of various combinations of temperature and relative humidity on dormancy alleviation of sunflower seeds during dry after-ripening was investigated. The rate of dormancy alleviation depended on both temperature and embryo moisture content (MC). Below an embryo MC of 0.1 g H 2 O g 21 dw, dormancy release was faster at 15°C than at higher temperatures. This suggests that dormancy release at low MC was associated with negative activation energy, supported by Arrhenius plots, and low Q 10 values. At higher MC, the rate of dormancy alleviation increased with temperature, correlating well with the temperature dependence of biochemical processes. These findings suggests the involvement of two distinct cellular mechanisms in dormancy release; non-enzymatic below 0.1 g H 2 O g 21 dw and associated with active metabolism above this value. The effects of temperature on seed dormancy release above the threshold MC were analysed using a population-based thermal time approach and a model predicting the rate of dormancy alleviation is provided. Sunflower embryo dormancy release was effective at temperatures above 8°C (the base temperature for after-ripening, Tb AR , was 8.17°C), and the higher the afterripening temperature above this threshold value, the higher was the rate of dormancy loss. Thermodynamic analyses of water sorption isotherms revealed that dormancy release was associated with less bound water and increased molecular mobility within the embryonic axes but not the cotyledons. It is proposed that the changes in water binding properties result from oxidative processes and can, in turn, allow metabolic activities.
Introduction
After-ripening is the process by which freshly harvested mature seeds become non-dormant, i.e. they acquire the ability to germinate after a prolonged period of storage in dry conditions. After-ripening mainly results in a widening of the environmental conditions (temperature, light, oxygen availability) that allow germination and in an increase in germination speed (Probert, 2000; Finch-Savage and Leubner-Metzger, 2006) . Seed after-ripening is a mechanism common to many, but not all, species. Other mechanisms of dormancy alleviation include chilling in the hydrated state or scarification (Finch-Savage and Leubner-Metzger, 2006; Finkelstein et al., 2008) .
Both temperature and seed moisture content (MC) can alter the rate of dormancy alleviation during dry storage (see Probert, 2000, and references therein) . Various studies have shown that seed dry after-ripening is effective at MCs from c. 5-18% (on a fresh weight basis) (Leopold et al., 1988; Foley, 1994; Probert, 2000; Steadman et al., 2003;  ª 2010 The Author(s). Bair et al., 2006) , suggesting that the mechanisms that alleviate dormancy are inoperative outside this MC window. Considering thermodynamic principles based on the analysis of water sorption isotherms, it has been proposed that dry after-ripening is favoured in region 2 of sorption isotherms, which corresponds to weakly bound water (Probert, 2000) . The effect of seed MC on dormancy alleviation could be particularly relevant under natural conditions, in the soil seed bank, where environmental conditions may vary drastically Benech-Arnold, 2006, 2010) . However, the mechanisms of dormancy alleviation have been scarcely studied during 'dry' after-ripening, when free water is theoretically not available in seed tissues.
Temperature is the other critical environmental factor that affects the status of dormancy during dry storage. In most species, dormancy is alleviated faster with increasing after-ripening temperature. This positive correlation of temperature and dormancy release is in agreement with the metabolic theory in ecology (Brown et al., 2004) , which postulates that the temperature dependence of most biological reaction rates obeys an Arrhenius relationship (Gillooly et al., 2001; Brown et al., 2004) . Although the seed MC during dry after-ripening is too low to detect any measurable metabolism, the temperature coefficient Q 10 , which quantifies the temperature dependence, has been demonstrated to be constant within a species with positive values varying from c. 2-4 (Probert, 2000) . This thermal behaviour, i.e. the increase in the rate of dormancy alleviation with increasing temperature, allowed developing models that predict the required duration of after-ripening as a function of temperature (Favier, 1995; Christensen et al., 1996; Steadman et al., 2003; Chantre et al., 2009 ). Many of those models used thermal-time equations to establish a quantitative relationship between temperature and dormancy release, and used population approaches, to incorporate the variation of dormancy level within a seed population (Allen et al., 2007) . Both approaches have been proven to be very efficient for characterizing and quantifying changes in seed dormancy level in relation to prevailing temperature for various species Benech-Arnold, 2007, 2010) .
The relationship between temperature and MC and its combined effect on dormancy release has mainly been investigated during the stratification of imbibed seeds, for example, in Aesculus hippocastanum (Pritchard et al., 1996) , Orobanche (Kebreab and Murdoch, 1999) , Lolium rigidum (Steadman, 2004) or grape (Wang et al., 2009) . However, this relationship remains elusive under conditions of dry after-ripening, when free water is theoretically not available (Vertucci and Farrant, 1995) . Bair et al. (2006) proposed a hydrothermal after-ripening time model for Bromus tectorum seeds, suggesting that water potential affects dormancy loss in a restricted range of values. The cytoplasm of anhydrobiotic seeds vitrifies and forms glasses that prevent molecular diffusion and chemical reactions (Buitink et al., 2004) . Nonetheless, some biochemical processes have been shown to occur under these conditions and have been associated with seed dormancy release. Oracz et al. (2007) demonstrated that sunflower seed after-ripening was associated with reactive oxygen species (ROS) accumulation and protein carbonylation. Changes in gene expression, suggesting active transcription in the dry state, were also shown to occur during dry after-ripening of seeds of various species (Bove et al., 2005; Leubner-Metzger, 2005; Cadman et al., 2006; Leymarie et al., 2007) .
The purpose of this study was to investigate the relationship between temperature and moisture content during seed dry after-ripening of sunflower (Helianthus annuus L.) seeds, which are dormant at harvest and hardly germinate at low temperatures (10°C) (Corbineau et al., 1990) . This inability to germinate at low temperature results from a physiological dormancy (embryo dormancy). It has previously been shown that storage of dormant sunflower seeds at very low relative humidity can prevent embryo dormancy release (Oracz et al., 2007) thus suggesting a pivotal role for seed MC in the mechanisms of dormancy alleviation. Dormant seeds were therefore stored at a large range of temperatures and relative humidities and the rate of dormancy release was assessed. Expecting that the seed MC may control dormancy release, thermodynamic approaches, based on water sorption isotherm analyses, were also used to determine whether dormancy alleviation is associated with changes in water properties. Finally, to assess the effect of temperature during after-ripening, an after-ripening thermal time model was developed for primary dormancy release of sunflower seeds. Our data demonstrate that the relationship between temperature, seed MC, and rate of dormancy alleviation is more complex than previously thought. Our thermodynamic analyses show that water-binding properties change during dormancy alleviation towards less bound water being available and, in turn, that this change controls the nature of the reactions involved in the transition from the dormant to a non-dormant state.
Material and methods

Plant material and after-ripening conditions
Sunflower (Helianthus annuus L., cv. LG5665) seeds were harvested in 2005 near Montélimar (Drô me, France) and purchased from Limagrain. At harvest, dormant seeds were stored at -30°C until use in order to maintain their dormancy. After-ripening was performed by placing the dormant seeds at 15, 20, 25, and 30°C over saturated solutions of ZnCl 2 , KOOCCH 3 , CaCl 2 , NaCl, and KCl (Table 1) in tightly closed jars with relative humidities (RH) of approximately 5, 23, 33, 75, and 85%, respectively (Vertucci and Roos, 1993; Sun, 2004) . Controls for nondormant embryos were obtained from seeds that had been stored for 12 weeks in ambient conditions (c. 20°C and 70% RH).
replicates) placed on a layer of cotton wool moistened with deionized water. An embryo was considered as germinated when the radicle had elongated by 2-3 mm. Germination was scored daily for 7 d and the results presented are the means of the germination percentages obtained in 8 replicates 6SE as a function of time.
Quantification of temperature effects on sunflower embryo dormancy loss
Temperature effects on sunflower embryo dormancy status during storage were simulated using a simple populationbased model. The three main steps required to develop the model involved: (i) establishing a thermal time equation for after-ripening, taking into account the natural variation within a seed population; (ii) introducing changes of germination speed and synchronicity induced by afterripening (two possibilities, called A and B described below, were tested); and (iii) testing the efficiency of the model by comparing experimental data to simulated ones. Steps 1 and 2 can be achieved by mathematically testing various hypotheses which are fully described below.
The model was based on the assumptions that dormancy levels vary within a seed population or a seed lot (Batlla and Benech-Arnold, 2010) , and that temperature effects on dormancy status can be quantified using thermal-time equations (Allen et al., 2007; Chantre et al., 2009; Batlla and Benech-Arnold, 2010) . This implies that each embryo in a population requires a certain thermal-time for dormancy release. Consequently, if dormancy levels vary within a population, thermal-time requirements for dormancy loss should also vary within the population. Based on the above assumptions, the model was developed using a thermal-time equation which accounts for temperature effects on embryo dormancy status:
where h AR is after-ripening-thermal time in°Cd required for dormancy release for the fraction g of the population, T AR is after-ripening temperature in°C, Tb AR is the base temperature for after-ripening in°C (i.e. the temperature below which after-ripening does not occur), and t AR is afterripening time in d. To choose the best function to describe the distribution of h AR within a population, fits using four different distribution functions (normal, log-normal, Weibull, and exponential) were applied to experimentally obtained final germination percentages of embryos afterripened at different temperatures for different time periods. The fits were compared using sum-of-squares when models had the same number of parameters or an extra-sum-ofsquares F-test when models differed in the number of parameters (Motulsky and Ransnas, 1987; Motulsky and Christopoulos, 2004) . During the fitting procedure the value of Tb AR was included as a model variable (i.e. Tb AR was allowed to vary when fitting each distribution equation). If the distribution of h AR within a population is known, and how h AR accumulates in relation to temperature and time of after-ripening (equation 1), the fraction of embryos in which dormancy is alleviated at different temperatures and storage times can be predicted. However, in most species, seed dormancy loss is not only defined by changes in the fraction of the seed population capable of germinating at a certain temperature, but also by changes in germination speed and synchronicity (i.e. germination dynamics) (Gordon, 1973; Roberts and Smith, 1977; Favier, 1995) . The most accepted definition of cardinal thermalgermination in the sub-optimal germination thermal-range (Garcia-Huidobro et al., 1982; Covell et al., 1986; Ellis et al., 1986; Allen et al., 2007) assumes that seeds in a population share a common germination base temperature (Tb G ) value, while thermal-time for seed germination (h G ) is distributed within the seed population following a normal or log-normal distribution. According to this definition, changes in germination dynamics result from changes in: (A) the mean thermal-time required for seed germination h G (50) and its standard deviation r h G , and/or (B) the germination base temperature, Tb G . Both possibilities (A and B) were tested and estimated for each cumulative-germination curve obtained for embryos afterripened at the different temperatures for different time periods using the following equations:
where T G is the germination temperature in°C and t G the germination time in h,
where G% is the percentage of embryo germination for a given h G , G max is the maximum percentage of embryo to germinate, and V is the normal probability integral. h G (50) and r h G were estimated for each cumulativegermination curve assuming a constant value for Tb G during after-ripening. Conversely, Tb G values were determined for each curve assuming constant values for h G (50) and r h G . G max was limited to the maximum germination value observed in each cumulative-germination curve. The values for the parameters assumed constant in each case were estimated from cumulative-germination curves of embryos considered fully non-dormant (12 weeks of afterripening) at 5, 10, 15, and 20°C. Germination rates (reciprocals of times estimated for each fraction) for subpopulation 25th, 50th, and 75th were plotted against incubation temperature and data for each sub-population were fitted using a linear regression model. Tb G was determined as the mean value of the three percentiles x-intercept. Linear regression equations were then recalculated for each subpopulation, but forced through Tb G . h G (50) was estimated as the inverse slope of the regression equations for sub-population 50th. r h G was subsequently determined by adjusting a normal distribution function to the 25th, 50th, and 75th sub-populations h G values using GraphPad Prism 5 (GraphPad Software, San Diego, USA). The relative accuracy of both possibilities (changes in A or B, excluding simultaneous changes in both parameters) to simulate changes in germination dynamics (germination velocity and synchronicity) during sunflower seed dormancy loss was assessed using the Akaikes Information Criterion (AIC) (Burnham and Anderson, 1998; Motulsky and Christopoulos, 2004) . Changes in germination dynamics were then introduced in the model by regressing changes in A or B to h AR accumulation during after-ripening. Best values for model parameters (Tb a and k) and parameters associated with germination dynamics (h G (50), r h G , and Tb G ) were obtained by a non-linear least-squares curve-fitting method using an optimization program (Premium Solver Platform 7.0; Frontline Systems, Inc). This program optimizes parameters to maximize the fit of simulated values with experimentally recorded values. Optimization was performed by an iterative technique using a quasi-Newton optimization algorithm (Nocedal and Wright, 1999) . The criterion used to obtain the best values for the parameters was minimum root mean square error (RMSE) between simulated and experimentally obtained data.
To evaluate model functioning, the fraction variance accounted for by the model was calculated as:
where y obs is the observed value and y sim is the simulated value. An R 2 value of 1 indicates a perfect fit of the model to the observed data.
Water sorption studies
Whole seeds were equilibrated at 5, 15, and 25°C over saturated salt solutions giving RH values ranging from 1% to 95 % (Table 1) . After equilibration, water contents, expressed on a dry weight (dw) basis were determined in excised embryonic axes and cotyledons by heating material at 105°C for 2 d.
The following sorption model, adapted from the D'Arcy and Watt model (D'Arcy and Watt, 1970) , was used to fit sorption data at 15°C and to determine both seed tissue (axis and cotyledons) sorption characteristics, using nonlinear least square regression as described in Dussert et al. (1999) :
where WC is the tissue water content (expressed in g of absorbed water g À1 dry weight), p/p 0 is the relative vapour pressure (water activity), K', c, k, and k' are specific parameters. The first term describes sorption of strong binding sites, the second term relates to weak binding sites, and the third term describes sites where water condenses on molecules (multimolecular sorption). Non-linear regression was performed using the Statistica software (Statsoft, USA).
K' N/M; cN/(Mp 0 ), and k' N/M were used for calculating the number of strong sorption sites, the number of weak sorption sites and the number of multimolecular sites, respectively, where N is the Avogadro number, M the gram molecular weight of water, and p 0 is 1.819 kPa at 16°C.
Van't Hoff analyses (Atkins, 1982) were carried out to calculate the apparent sorption enthalpy DH sorp at given MCs. Isochores interpolated from isotherms at 5, 15, and 25°C were drawn in a range of MCs at 0.01 g H2O g-1 dw intervals. The slopes of regression lines between ln(RH/100) and 1/T were used to calculate DHsorp according to the equation:
where T is the temperature in Kelvin, R the ideal gas constant (8.3143 J K À1 mol À1 ), and DH sorp the apparent sorption enthalpy at a given MC.
Results
Effect of MC and temperature on embryo dormancy release Table 2 shows the effects of relative humidity and temperature during after-ripening on the subsequent embryo germination, evaluated after 7 d at 10°C. At harvest, sunflower embryos did not germinate at 10°C, but they progressively became able to germinate fully at this temperature after 12 weeks of after-ripening at room temperature (data not shown, see Oracz et al., 2007) . Relative humidity and temperature of after-ripening strongly affected the kinetics of dormancy release. There was no constant and linear relationship between increasing RH, i.e. seed MC, increasing temperature, and alleviation of dormancy. At low RHs (until c. 33%) dormancy release was faster at 15°C than at 30°C. Conversely, at higher RHs (>75%), dormancy was alleviated faster at higher temperatures (25°C and 30°C). Figure 1 shows that the optimal MC for seed dormancy release, measured after 3 weeks of after-ripening at various RHs shown in Table 2 , increases with temperature. When temperature increased by 5°C, the optimal MC for dormancy alleviation increased by approximately 0.01 g H 2 O g À1 dw. Arrhenius plots express the relationship between MC and temperature of after-ripening on the subsequent embryo germination. The Arrhenius plots in Fig. 2 were constructed using data obtained after 3 weeks of after-ripening. When ln(germination) is plotted against reciprocal temperature 1/T, a straight line is obtained at any MC with excellent fits as indicated by the correlation coefficients (Fig. 2) . However, the relationship between germination and 1/T is negative at low MCs (0.025-0.05 g H 2 O g À1 dw) and becomes positive when MC reaches 0.1 g H 2 O g À1 dw. This indicates that the activation energy is negative below 0.1 g H 2 O g À1 dw and becomes positive above this value. Similarly, the temperature coefficient Q 10 between 15°C and 30°C ranged from 0.3 to 0.6 when seed MC was below 0.1 g H 2 O g À1 dw, but from 1.5 to 1.9 when MC was higher than 0.1 g H 2 O g À1 dw (data not shown).
Quantification of temperature effects on sunflower embryo dormancy release
A temperature-driven quantitative model was developed using cumulative-germination data for embryos equilibrated at c. 75% and 85% RH (i.e. embryo MCs were 0.1 and 0.12 g H 2 O g À1 dw, respectively) because the fast rate of dormancy release observed for seeds equilibrated at c. 33% and at c. 22 % RH (i.e. when embryo MCs were 0.05 and 0.04 g H 2 O g À1 dw, respectively) caused a lack of sufficient intermediate final percentage germination values for most of the tested storage temperatures (Table 2 ). For example, for embryos equilibrated at c. 33% RH, almost 80% germination was observed just after 1 week of storage at 20°C, while after 3 weeks of storage germination values were ;90% for embryos equilibrated at 22% RH and stored at 15°C and 20°C. Germination data for seeds equilibrated at c. 75% and 85% RH were analysed together based on the fact that temporal changes in percentage germination for seeds stored at the different temperatures were statistically insignificant (F-test; P >0.05) using a global fitting procedure (Motulsky and Christopoulos, 2004) .
Our first objective was to find a good fit for the afterripening of the population of dormant sunflower embryos. Fig. 1 . Germination after 7 d at 10°C of embryos previously stored for 3 weeks at 15°C (black diamonds), 20°C (crosses), 25°C (white squares), and 30°C (black circles) at various relative humidities (see Table 2 ) which produced the indicated moisture contents. From the fourth thermal after-ripening time (h AR ) distributions tested (see Materials and methods), the Weibull distribution presented the lower sum-of-squares (data not shown). However, as the fit of the exponential distribution was not significantly different from the Weibull distribution (F-test (1,31); P¼0.94), the exponential distribution was chosen because it is a simpler model. Therefore, it is possible to express the final germination percentage of embryos (i.e. G max ) for a certain quantity of accumulated h AR as follows:
where k is the rate parameter (i.e. the germination percentage per unit of accumulated h AR ). Using equation 5, the optimum value for k was determined to be 0.004643, and the optimum value for Tb AR (equation 1) was 8.17°C. This shows that after-ripening of dormant sunflower embryos is prevented at temperatures below c. 8°C, at least within the range of MCs used to design the model. Replacing best-fit values in equations 5 and 1 leads to equations 6 and 7 that can be used to predict embryo dormancy alleviation as a function of accumulated thermal time:
Equation 7 produced a good fit for the observed data (R 2 ¼0.85: RMSE 9,6) and was used in Fig. 3 , which clearly shows how the embryo fraction capable of germinating at 10°C increases according to the accumulation of h AR units during storage.
Options A and B described in the Materials and methods were then assessed in order to integrate in the model changes in germination dynamics that occur during afterripening. Changing germination parameters h G (50) and r h G (option A) during seed after-ripening accounted more accurately for changes in germination dynamics than changing the value of the germination base temperature, Tb G (option B) (difference in AIC¼3, IR¼4.49; 4.5 times more likely to be correct). Therefore, a regression was calculated for values obtained for h G (50) and r h G using option A against h AR accumulation calculated using equation 7 (Fig. 4A, B) . The changes in both parameters were adequately described by adjusting the following negative exponential equations:
Finally, the performance of the developed model was tested. Cumulative-germination data obtained experimentally for embryos that had been after-ripened at different temperatures for different time periods were compared with simulated values obtained using equations 6 to 9. As shown in Fig. 5A , a very good correlation was obtained between simulated and measured data (R 2 ¼0.91), showing a slope of 1 and a root mean square error of 9.9. Figure 5B shows an example of how the model can simulate and predict the germination of embryos after-ripened for 1, 2, and 3 weeks at 30°C, with a MC of 0.12 g H 2 O g À1 dw.
Water sorption properties of dormant and non-dormant embryos
Water sorption isotherms were drawn using MCs of embryonic axes and cotyledons excised from dormant and non-dormant seeds equilibrated at various RHs (Table 1) at 5, 15, and 25°C. Isotherms for 15°C are shown as an example in Fig. 6 . The relationship between RH and moisture content gave typical reverse sigmoid curves that can be divided into three regions, as indicated by the arrows within the plots: a first region below 10%, a second region ranging from c. 10-80%, and the last region above 80% RH (Fig. 6) . The transition from regions 1 to 2 occurred at approximately 0.04 g H 2 O g À1 dw in both the embryonic axis and the cotyledons and the transition from regions 2 to 3 was associated with c. 0.12 and 0.10 g H 2 O g À1 dw in embryonic axes and in cotyledons, respectively (Fig. 6) . At all RHs, the MCs of cotyledons were higher than those of embryonic axes (Fig. 6A, B) . Isotherms show that nondormant embryonic axes tended to bind more water than their dormant counterparts, particularly in the intermediate RH zone between 20% and 80% (Fig. 6A) . By contrast, dormant cotyledons bound more water than the nondormant ones (Fig. 6B) .
Sorption data were used to investigate water properties in dormant and non-dormant tissues. Water sorption isotherms of dormant and non-dormant axes and cotyledons at 5, 15, and 25°C were used to calculate the sorption enthalpy (DH sorp ) using van't Hoff plots (Fig. 7) . These former were linear between 5°C and 25°C and their slopes, i.e. DH sorp , decreased when MC increased (Fig. 7A) . This is also shown in Fig. 7B and C, demonstrating that -DH sorp increased dramatically when embryo MC decreased. The increase of -DH sorp occurred at c. 0.08 g H 2 O g À1 dw in dormant axes but only below 0.05 g H 2 O g À1 dw in nondormant ones (Fig. 7B , see arrows within the graph). This clearly shows that at any MC within the range typically used for sunflower seed storage, i.e. from 0.04 to 0.05 g H 2 O g À1 dw, the values of -DH sorp are much higher in dormant than in non-dormant axes (Fig. 7B) . In dormant and nondormant cotyledons -DH sorp values increased when their MC was lower than c. 0.07 g H 2 O g À1 dw (Fig. 7C) . The maximum -DH sorp values differed in dormant and nondormant axes and reached c. 0.55 and 0.3 KJ mol À1 water, respectively (Fig. 7B ). However, they were similar in dormant and non-dormant cotyledons and close to 0.25-0.3 KJ mol À1 water (Fig. 7C ). Sorption data obtained at 15°C (Fig. 6 ) were fitted using a simplified D'Arcy and Watt model. The goodness of the fit was very satisfactory for both cotyledons and axes (Fig. 8 ). Using this model it was possible to estimate the parameters K', c, k, and k' and to calculate the number of sorption sites in each of the three binding regions (Table 3) . Dormancy alleviation in the dry state mainly resulted in a dramatic increase in the number of weak sorption sites in embryonic axes which rose from c. 9310 20 g À1 dw to more than 17310 20 g À1 dw, when the number of multimolecular sorption sites decreased from 4.20 to 1.21310 20 g À1 dw (Table 3) . In cotyledons seed after-ripening was associated with a decrease in strong and weak sorption sites and an increase in multimolecular sorption sites (Table 3) .
Discussion
Sunflower seed dry after-ripening is associated with a widening of the thermal conditions allowing germination, as already shown by various authors (Corbineau et al., 1990 ; Oracz et al., 2007) . After c. 2 months of dry storage, nondormant naked seeds, i.e. embryos, became able to germinate fully at temperatures below 15°C, which prevented their germination immediately after seed shedding. Our previous data indicated that sunflower dry after-ripening is associated with a marked increase in ROS content, and that this increase is prevented when seeds are stored in conditions that did not permit dormancy alleviation (Oracz et al., 2007) . The new set of data provided here demonstrates the close relationship between temperature and relative humidity during dry after-ripening and the rate of embryo dormancy alleviation. Within the ranges of MCs tested here (0.025-0.12 g H 2 O g À1 dw), dormancy was progressively alleviated. However, at a given MC, the efficiency of dormancy removal depended on temperature. Our results are in agreement with previously published data showing that conversion to a non-dormant state occurs within the range of c. 0.05-0.2 g H 2 O g À1 dw (Leopold et al., 1988; Foley, 1994; Probert, 2000; Steadman et al., 2003) . In sunflower seeds, dormancy alleviation was not fully prevented at very low MCs, such as 0.025 g H 2 O g À1 dw, at least when temperature ranged from 15-20°C, but it was slow and incomplete (Table 2 ). Contrary to data reported for other species, there was no constant and linear relationship between temperature, relative humidity, and dormancy alleviation. It is shown that a complex relationship exists between these parameters in sunflower seeds, for example, the optimum embryo MC for dormancy release varies with temperature, and vice versa (Table 2; Fig. 1 ). The dependency of the rate of dry after-ripening on both temperature and seed MC is demonstrated by the Arrhenius plots (Fig. 2) and by calculation of Q 10 values. Both approaches showed that a MC of 0.1 g H 2 O g À1 dw is the critical value for the rate of dormancy alleviation and suggest that the reactions involved in dormancy alleviation may differ with seed MC. Below this value, the rate of dormancy alleviation decreases with increasing temperature suggesting a negative activation energy. Although negative activation energies are rather unusual, they have been associated with reactions involving unstable reactive chemical species, which tend to be degraded at high temperatures.
For example, this is the case of the oxidation of nitric oxide by dioxygen (Olson et al., 2002) and for the addition of hydroxyl radicals to aromatic molecules (Cheney, 1996) . This is particularly interesting because our previous results demonstrated that dormancy alleviation at low MC, i.e. below 0.1 g H 2 O g À1 dw, was associated with the production of ROS, most of which are very unstable molecules (Oracz et al., 2007) . Therefore, the present data set is in agreement with our biochemical results and confirms that the reactions involved in ROS generation at low MC are non-enzymatic. Auto-oxidation of lipids is favoured at very low MC and can, in turn, generate reactive free radicals (Labuza, 1980) . Above 0.1 g H 2 O g À1 dw, the rate of dormancy alleviation increased with temperature (Fig. 2) , which is similar to the data already obtained for the seeds of other species (reviewed by Probert, 2000) and with the conceptual metabolic theory of ecology (Brown et al,. 2004 ). This quantitative theory emphasizes that the temperature dependence of biochemical processes governs survival and growth at all levels of organization, from individual to population. Therefore, we postulate that a mechanism involving active metabolism is involved in dormancy alleviation above 0.1 g H 2 O g À1 dw. Due to its metabolic component, this mechanism is activated by temperature, which explains that the rate of after-ripening increases with temperature. We also propose that above this threshold MC, ROS, which are essential for sunflower seed dormancy release (Oracz et al., 2007 (Oracz et al., , 2009 ), will be produced by metabolic activities rather than auto-oxidative processes. Respiration, NADPH oxidases, peroxidases, and amine oxidases could all contribute to ROS production (Bailly et al., 2008) . Interestingly, Kibinza et al. (2006) showed that, in sunflower seeds, ATP levels changed when MCs reached 0.10 g H 2 O g À1 dw, suggesting that metabolic activities occurred at this apparent low MC. ROS production during storage of dormant sunflower embryos at various MCs been previously reported (Oracz et al., 2007) and associated with dormancy release. Although our approaches do not allow us to distinguish between non-enzymatic or enzymatic production of ROS, our data suggest that two different processes are involved in dormancy release and that they depend on embryo MC. In the present work a population-based threshold model and an optimization procedure were used to quantify the effect of after-ripening temperature on dormancy release for sunflower embryos stored at MCs above 0.1 g H 2 O g À1 dw (i.e. the MC threshold value above which dormancy release could be explained by the effect of temperature on embryo metabolic activity). The model was not only capable of simulating changes in the fraction of embryos capable of germinating at 10°C with acceptable accuracy (Fig. 3) , but also to account for changes in germination dynamics (germination speed and synchronicity) during the dormancy loss process (Fig. 5) . The model parameters obtained indicate that dormancy release for sunflower embryos with a MC above 0.1 g H 2 O g À1 dw took place at temperatures above 8°C (i.e. the threshold value for the accumulation of h AR , Tb AR was 8.17°C), and that the higher the afterripening temperature above this value, the higher the dormancy loss rate. This value is relatively higher than those previously reported for the accumulation of h AR in other species: for example, 5.4°C in Lolium rigidum (Steadman et al., 2003) and 0°C in Bromus tectorum (Bauer et al., 1998) . The effect of after-ripening temperature on dormancy loss was quantified using a thermal-time approach. Thermal-time equations have been successfully used to model temperature effects on dormancy loss in seeds of many species, for example, Polygonum aviculare (Batlla and Benech-Arnold, 2003 , 2005 , Bromus tectorum (Bauer et al., 1998) , Elymus elymoides (Meyer et al., 2000) , Lolium rigidum (Steadman et al., 2003) , Lithospermum arvense (Chantre et al., 2009) , and Vitis spp. (Wang et al., 2009) , showing the efficiency of this approach for predicting seed dormancy changes in response to temperature. The model was based on the assumption that h AR varies within the seed population, and in the present work this distribution was best accounted for by an exponential model, although a Weibull distribution gave similar results. This is shown in Fig. 3 , in which a positive exponential equation gave a good description of how the fraction of the non-dormant embryo population increased as a consequence of the accumulation of h AR units. The exponential distribution of h AR within the embryo population implies that a relatively large fraction of embryos requires low h AR values for dormancy alleviation, while a relatively small fraction requires high h AR values for dormancy release. This type of response is consistent with previously reported dormancy loss kinetics, where a large fraction of the population rapidly becomes non-dormant, while a minor fraction requires extended time periods for dormancy release. For example, an exponential decrease of base water potential for seed germination during dormancy loss was reported by Batlla and Benech-Arnold (2004) for P. aviculare seeds and by Gianinetti and Cohn (2007) for red rice (Oryza sativa) seeds. However, a linear decrease in dormancy-related parameters has also been reported (Batlla and Benech-Arnold, 2003; Bauer et al., 1998) . A similar model based on the distribution of thermal-time required for dormancy release within a seed population was recently proposed by Wang et al. (2009) for moist stratification in grape seeds. However, stratification thermal time for dormancy release was assumed to be log-normally distributed within the seed population. Increases in germination speed and synchronicity observed during dormancy loss in sunflower seeds were introduced in the model by allowing h G (50) and r h G to vary, and fixing the value for Tb G . Although changing h G (50) and r h G gave a better description of variations in germination dynamics than changing Tb G , changes in the latter parameter during dormancy loss cannot be ruled out. Changes in h G (50) and r h G were described adjusting negative exponential equations, showing that, as in many other species, changes in the fraction of non-dormant seeds are accompanied by an increase in germination speed and synchronicity (Favier, 1995; Vleeshouwers, 1998; Wang et al., 2009) . To our knowledge this is the first attempt to quantify the effect of temperature on dormancy release in sunflower seeds. As pointed out previously, this model was produced considering the effects of temperature on the rate of dormancy release of embryos stored with 0.1 and 0.12 g H 2 O g À1 dw. However, as shown by germination data (Table 2) , embryo MC greatly interacts with storage temperature to affect the dormancy loss kinetics of stored seeds. This indicates that both factors, MC and temperature, should be taken into account to model the effect of storage temperature on sunflower dormancy loss for a broader set of storage conditions. Unfortunately, this was not possible in the present study because dormancy alleviation was too fast at low MC. This also suggests that attention should be paid to seed MC when developing models to predict the effect of afterripening temperature on seed dormancy loss.
The sorption curves obtained with sunflower axes and cotyledons displayed a typical triphasic pattern as already observed for seeds of various species (Vertucci and Leopold, 1987) (Fig. 6) . The shape of the isotherms and the RHs (and corresponding MCs) at which the transitions occurred from water-binding regions 1 to 2 and 2 to 3 are very similar to those found for other oilseeds such as peanut (Vertucci and Roos, 1990) , Arabidopsis (Hay et al., 2003) and tobacco (Manz et al., 2005) . In all cases embryonic axes bind significantly more water than cotyledons because they contain fewer lipids. With regard to dormancy, the isotherms showed that dry after-ripening (at 20°C and 70% RH for 12 weeks) is associated with changes in water status within the seed tissues, especially in embryonic axes which bind more water in the intermediate zone (20-80% RH) of the isotherms when they are non-dormant (Fig. 6) . Such changes have already been observed in seeds but only became apparent when comparing primed and unprimed seeds (Sun et al., 1997; Nagajaran et al., 2005) rather than dormant and non-dormant seeds. By contrast, in tobacco, the moisture sorption isotherms of freshly harvested seeds and after-ripened seeds did not differ (Manz et al., 2005) . These results are confirmed when calculating adsorption enthalpies at specific MCs according to van't Hoff analyses of isotherms (Fig. 7) . Values of DH sorp were roughly similar to those reported for other orthodox seeds (Vertucci and Leopold, 1987; Leopold et al., 1988; Foley, 1994) and, as shown by Vertucci and Leopold (1987) , DH sorp values were more negative for axes than cotyledons. Changes in DH sorp values with MC were similar in dormant and non-dormant cotyledons but the moisture content at which -DHsorp abruptly increased was higher in dormant axes than in nondormant axes (Fig. 7B) for dormant axes reveal that after-ripening drastically affects water sorption properties in axes, but not in cotyledons. In addition, the modified d'Arcy and Watt equation showed that the affinity of weak binding sites (c) was the major factor to be affected by dry after-ripening in embryonic axes (Table 3) . Consequently, the number of weak sorption sites was much higher in nondormant than in dormant axes (Table 3 ). The shift towards more and weaker bound water in tissues of embryonic axes seems to be associated with dormancy alleviation. It is important to note that the changes in water properties are tissue specific and concern only the growing part of the seed, i.e. the embryonic axis. As pointed out previously, dormancy alleviation is associated with increased ROS accumulation and oxidation of proteins and lipids (Oracz et al., 2007) and that these oxidative processes may be associated with the observed changes in water status during after-ripening. It has been shown in other systems, for example, wheat gluten, that protein oxidation resulted in increased water sorption (Cherian and Chinachoti, 1997) . Moreover, sorption isotherms of aged sunflower seeds, which contain high concentrations of ROS and oxidized compounds (Bailly et al., 1996) , show that aged sunflower seeds tend to bind more water than non-aged seeds (data not shown). Proteins are probably one of the major sites of water sorption in sunflower seeds because they are present at high concentrations (i.e. around 25% of seed dry weight), whereas lipids, the major storage compounds of sunflower seeds, are hydrophobic and exclude water. Protein oxidation results in the formation of disulphide bonds that can, in turn, induce conformational changes in proteins (Buchanan and Balmer, 2005; Colville and Kranner, 2010) and subsequently increase interactions with water (Cherian and Chinachoti, 1997) . The consequences of increased water sorption in non-dormant embryonic axes need to be understood with respect to molecular mobility. Sorption enthalpy has been related to molecular mobility and structural stability in amorphous solids such as glasses (Zhang and Zografi, 2000; Ballesteros and Walters, 2007) . Under our experimental conditions (maximum temperature, 30°C; maximum MC, 0.12 g H 2 O g À1 dw), sunflower seeds displayed a cytoplasmic glassy state (Lehner et al., 2006) . The ability of non-dormant axes to bind more water will result in loosening of molecular connections within the glassy matrix because water is a plasticizer of glasses (Walters, 1998) . Glasses restrain molecular mobility, thus decreasing the speed of chemical reactions and protecting cellular structures from deleterious changes (Burke, 1986; Walters, 1998) . In amorphous solids, a high relative DH sorp value reflects higher viscosity and restricted molecular mobility. Changes in this value during dry after-ripening as well as changes in the c value in the D'Arcy and Watt equation therefore suggest that dormancy release is associated with lower viscosity and higher molecular mobility. Moreover, because sunflower seed tissues contain many hydrophobic oil bodies, the MC of the non-lipid fraction most likely reached higher values than those determined experimentally (Kibinza et al., 2006) . Together, these results suggest that metabolic reactions may progressively become possible during after-ripening, as a consequence of altered water-binding properties. This could explain why gene expression has been observed during after-ripening in Nicotiana tabacum (Leubner-Metzger, 2005) , Nicotiana plumbaginifolia (Bove et al., 2005) , Arabidopsis (Cadman et al., 2006) , barley (Leymarie et al., 2007) , and sunflower (El-Maarouf-Bouteau et al., 2007) . However, there is still some debate about the occurrence of active transcription in the dry state under conditions where water is apparently not available for biochemical reactions. Leubner-Metzger (2005) proposed that hydrated pockets within cells or tissues of the seeds would allow transcription. We propose that non-enzymatic oxidation (Oracz et al., 2007) could lead to a progressive decrease in water binding and an increase in cellular mobility thus allowing active transcription.
In conclusion, it has been demonstrated that the complex relationship between temperature and MC governs the nature of the mechanisms involved in sunflower embryo dormancy release during dry storage. The temperature dependency of after-ripening has been modelled for the first time for this species and we wish to draw attention to the MC dependency of the temperature-dependent afterripening process and its implications for the development of predictive dormancy models. Our data highlight the central role of water organization and binding properties, especially for desiccated tissues such as orthodox seeds, and provide new insights into the underlying mechanisms of anhydrobiosis.
